Abstract Excess cortisol and GH induce insulin resistance, a central feature of type 2 diabetes (T2D). To study whether the insulin sensitizer pioglitazone affects basal cortisol levels and the GH-IGF-I axis in patients with T2D. Forty-eight patients with T2D (men/women = 28:20, age 61 ± 1 years, BMI 31 ± 0.6 kg/m 2 ) were treated for 26 weeks with pioglitazone 30-45 mg daily in addition to their preexisting therapy. Insulin, proinsulin, HbA 1c , IGF-I, IGFBP-1, and basal cortisol were analyzed before and after treatment. Pioglitazone decreased proinsulin/insulin ratio and HbA 1c decreased (HbA 1c from 7.8 ± 0.2 to 6.6 ± 0.2 % in men and from 7.6 ± 0.2 to 6.1 ± 0.2 % in women, p \ 0.001 in both). There was a redistribution of fat but no change in waist circumference. IGF-I and adiponectin increased (p B 0.001) in both genders. IGFBP-1 increased but significantly only for the whole group (p = 0.033). Triglycerides decreased significantly in women only (p = 0.015). Before treatment, women had lower basal cortisol (p = 0.045). Basal cortisol increased in women (from 390 ± 26 to 484 ± 32 nmol/L, p = 0.020) but not in men and did not differ between genders at week 26. DIGFBP-1 correlated with Dcortisol (r = 0.458; p = 0.049) and Dadiponectin (r = 0.600; p = 0.005) in women only. In addition to the known effect of improving insulin sensitivity, pioglitazone increased IGF-I regardless of gender and in women also increased basal cortisol. Increased IGF-I may contribute to improved insulin sensitivity after treatment. There seems to be gender differences in treatment responses to pioglitazone on lipid metabolism and basal cortisol, perhaps correcting different mechanisms of insulin resistance between genders.
Introduction
Insulin resistance in target tissues such as the adipose tissue, muscles, and liver is a well-characterized feature of type 2 diabetes (T2D) [1] .However, there are also pathological changes in the central hormone axes, with increased activity in the hypothalamus-pituitary-adrenal (HPA) axis and decreased activity in the remaining axes [2] . This may contribute to impaired metabolic control and development of various components of the metabolic syndrome including insulin resistance. Women generally develop cardiovascular disease and T2D at a later age than men; once insulin resistance has developed, however, they run the same risk of metabolic complications [3] . Much is still unknown about gender differences in the pathophysiology of insulin resistance and T2D, especially regarding the central hormone axes.
The hormone axes with the greatest impact on glucose metabolism are the growth hormone (GH)-insulin-like growth factor I (IGF-I) axis, and the HPA axis, which produces cortisol. IGF-I has effects highly comparable to those of insulin, increasing cellular uptake of glucose and free fatty acids (FFAs) as well as insulin sensitivity [4] . It is mainly produced in the liver but also locally in many tissues where it exerts metabolic effects [4] . IGF-I production is regulated by GH, insulin, and nutritional status whereby high levels of glucose and FFAs inhibit GH-IGF-I synthesis [5] .
Insulin-like growth factor I bioavailability is mainly controlled by insulin-like growth factor binding protein 1 (IGFBP-1) [6] , which helps to redistribute IGF-I from the circulation into tissues where it is active [7] . The production of IGFBP-1, also in the liver, is stimulated by factors such as glucagon, inflammatory cytokines, cortisol, and fasting [8] . Insulin acutely inhibits IGFBP-1 production, which allows it to be used as a marker of hepatic insulin sensitivity [9] . In states of insulin deficiency, such as type 1 diabetes, IGFBP-1 is elevated [10] . Patients with T2D can display either high IGF-I and low IGFBP-1 (due to insulin resistance with hyperinsulinemia) or low IGF-I and high IGFBP-1 (due to b-cell failure) [11] .
Contrary to IGF-I, cortisol increases gluconeogenesis and insulin resistance [12] . Disturbances in HPA axis activation and feedback inhibition have been reported in obesity, insulin resistance, and T2D [2] . Given the phenotypic similarities between states of glucocorticoid excess and insulin resistance caused by diet-induced obesity, examining glucocorticoid levels in various states of insulin sensitivity is likely to be relevant to common obesityrelated diseases like T2D and hypertension.
The purpose of the present study was primarily to study the interaction between the HPA and GH-IGF-I axes and (mainly hepatic) insulin sensitivity in men and women with T2D. To do so, we utilized pioglitazone, an insulin-sensitizing drug belonging to the family of thiazolidinediones (TZDs) and currently approved for the treatment for T2D. Largely, TZDs have effects opposite to those of cortisol [13] . Through the activation of peroxisome proliferatoractivated receptor gamma (PPARc), TZDs improve insulin sensitivity in the liver (decreasing gluconeogenesis) and redistribute FFAs from insulin-resistant tissues such as the muscles and liver to the subcutaneous adipose tissue where they are less metabolically harmful [14] . Pilot studies on rats [15] have shown that pioglitazone increases IGF-I production and reduces the activity of the HPA axis. This study includes both men and women to elucidate whether gender differences may exist in the non-glycemic response to pioglitazone and the pathophysiology of T2D.
Materials and methods
Sixty-six patients with T2D and secondary drug failure (see below) were screened for the study. Other entry criteria were age 30-75 years and body mass index (BMI)[20 kg/m 2 . Eight patients were ineligible due to either heart failure of NYHA class III-IV (n = 2), severe renal dysfunction that demanded discontinuation of metformin therapy (n = 1), ongoing medication with nonsteroidal anti-inflammatory drugs (n = 1), cancer (n = 1), proliferative retinopathy (n = 1), severe hyperglycemic symptoms, or acute need of insulin therapy (n = 2).
All patients included were on metformin and sulphonylurea (SU). Secondary drug failure was defined as HbA 1c C6.5 % (Mono-S method) in the latest two measurements, separated by at least 8 weeks, during ongoing treatment with metformin[1,500 mg/day and glibenclamide[7 mg/day, glipizide [10 mg/day, glimepiride [3 mg/day or repaglinide [6 mg/day for at least 3 months.
The study was approved by the local ethics committee and signed informed consent was obtained from all patients. The study was conducted in accordance with the ethical standards of the Declaration of Helsinki. Three patients were excluded during the study because of nonadherence to the protocol, and one dropped out due to side effects (vertigo, weight loss). These four patients declined to be followed up at the hospital; hence, they are not included in the analyses. Fifty-four patients completed the study, all of them Caucasian; results on metabolic parameters in these patients have been reported previously [16] . Sufficient serum only remained from 48 of the patients (28 men and 20 women) for the measurements of IGF-I, IGFBP-1, and cortisol. Thus, only analyses from these patients are included in this report.
Study design
This was an interventional study that spanned 26 weeks. Blood sampling and the recording of body weight, cardiopulmonary symptoms, and other side effects were performed pre-interventionally, at intermediate visits after eight and 16 weeks, and at the end of the study. Blood samples for the analysis of HbA 1c , lipid profile, serum insulin, proinsulin, IGF-I, IGFBP-1, and cortisol were taken pre-interventionally and at the end of the study. Blood tests were taken after an overnight fast, between 07:00 and 08.30 after 20-min rest in a supine position. Subjects received a prescription of 30 mg pioglitazone daily in addition to their preexisting therapy with metformin and sulphonylurea. After 16 weeks, the dose of pioglitazone was increased to 45 mg daily if HbA 1c was not \6.5 % and the therapy was well tolerated (Table 1) .
Assays
HbA 1c , insulin, proinsulin, and adiponectin were analyzed using methods reported previously [16] .
Serum cortisol was analyzed at the Central Chemistry Laboratory at Karolinska University Hospital with chemoluminescence technique, using Roche Modular apparatus (Roche Diagnostics Scandinavia, Bromma, Sweden). The total coefficient of variation (CV) was 2.5 % at 544 nmol/L and 2.1 % at 855 nmol/L.
Serum IGF-I was determined by an in-house RIA after separation of IGFs from IGFBPs by acid ethanol extraction and cryoprecipitation [17] . The detection level of the RIA was 3.0 mg/L. Cross-reactivity with IGFBP-2 and IGFBP-3 was less than 0.5 and 0.05 %, respectively. To minimize interference of remaining IGFBPs, des(1-3) IGF-I was used as radioligand [17] . Serum levels of IGF-I decrease with age and are thus expressed as age-adjusted standard deviation (SD) score = [(10logIGF -I observed ? 0.00693 9 age) -2.581]/0.120 [18] . The intra-and inter-assay CVs were 4 and 11 %, respectively.
Total serum IGFBP-1 was also analyzed with RIA [19, 20] with a sensitivity of 3 lg/L. The intra-and interassay CVs were 3 and 10 %, respectively.
Statistical analyses
All analyses were carried out using Statistica software version 10 (StatSoft, Tulsa, OH, USA). Data are expressed as mean ± SEM. Differences in normally distributed variables before and after intervention were tested by paired t test and in nonnormally distributed variables by Wilcoxon rank test. Differences between group means were tested by unpaired t test or Mann-Whitney rank sum test, where appropriate. All tests were two-tailed and a p value of less than 0.05 was considered statistically significant. Changes in any given variable from baseline to week 26 are denoted D (delta). Correlations were analyzed using product-moment correlations.
Results

Subject characteristics
Patients' characteristics at baseline are seen in Table 2 . There was no significant difference between the men and women in the study in age, duration of disease, BMI, fasting plasma glucose (FPG), or proinsulin/insulin ratio at baseline. Hormone levels at baseline and after treatment are summarized in Table 2 .
Pioglitazone improved metabolic control and beta-cell function As previously reported, pioglitazone improved metabolic control as measured by the levels of HbA 1c , despite an increase in weight, BMI, hip circumference, and thereby a decreased waist-hip ratio in both genders [16] . DHbA1c was predicted by FPG at baseline (r = 0.315, p = 0.029) in all subjects when pooled, but not in men or women individually. Triglycerides decreased only in women. Except for triglycerides, there were no significant changes in lipid levels or waist circumference when the groups were pooled or analyzed separately (see Table 2 ).
There was no change in serum insulin levels, but proinsulin and the proinsulin/insulin ratio decreased significantly. Adiponectin increased in both men and women; levels did not differ between the gender groups before or after treatment (see Table 3 ).
Serum IGF-I increased significantly
Insulin-like growth factor I increased significantly in both women and men (p \ 0.001 in both; Fig. 1a ). There were no gender differences in IGF-I levels before or during treatment, nor in the magnitude of the increase.
Serum IGFBP-1 increased significantly without decrease in serum insulin When all subjects were analyzed together, IGFBP-1 increased during pioglitazone treatment (p = 0.033). However, when men and women were analyzed separately, neither increase reached statistical significance (Fig. 1b) . The levels did not differ between the genders before or during treatment.
Gender differences in cortisol
At baseline, men had higher serum cortisol (p = 0.045; Fig. 1c ). Serum cortisol increased among women (p = 0.020), whereas it was unchanged among men. After 26 weeks of treatment, there was no longer a difference between the genders in serum cortisol. Table 2 Subject characteristics at baseline and after 26 weeks of pioglitazone treatment (mean (range) for age and duration; mean ± SEM for remaining variables)
All subjects 
Discussion
In this study of men and women with T2D, 26 weeks of treatment with pioglitazone decreased HbA 1c and reduced the proinsulin/insulin quotient indicating reduced b-cell stress [21] . Both IGF-I and IGFBP-1 increased, without any clear difference between the genders. As IGF-I contributes to approximately 10 % of total insulin sensitivity [22] , its increase may explain a small portion of the improved insulin sensitivity following pioglitazone treatment. However, it is more likely that the increase is a marker of increased GH secondary to improved lipid metabolism. In a similar study on non-diabetic women with PCOS and insulin resistance, 16 weeks of pioglitazone treatment resulted in increased GH, IGF-I, and adiponectin; however, no effect was seen on 24-h mean cortisol levels or urinary cortisol metabolites [23] . Increased IGF-I, IGFBP-1, and adiponectin are the indicators of improved insulin sensitivity [22, 24] .
Triglyceride levels decreased only in women, while insulin was unaffected and proinsulin decreased in both gender groups. This indicates that only women experienced improved insulin sensitivity of the adipose tissue, the result of which is reduced lipolysis, and thereby lower FFAs. It is well known that TZDs reduce FFAs [14] , which in turn would result in increased GH levels and secondarily increased IGF-I [5] . IGF-I levels increased toward the ageadjusted mean, not to supernormal levels, also indicating a normalization of a deranged hormonal milieu. However, this occurred in both groups despite only women displaying reduced triglycerides. FFAs were not measured, so it cannot be excluded that these also decreased in men despite the other markers of lipolysis remaining unchanged.
Insulin-like growth factor I binds to its own receptor (IGF-IR), the insulin receptor at supraphysiological levels, and also to hybrid receptors composed of subunits of both the insulin and IGF-I receptors [4] . Hybrid receptors are expressed in many tissues including adipocytes and the liver [4] . They can bind both insulin and IGF-I, but bind the latter with higher affinity [25] . Hybrid receptor expression is increased in skeletal muscle and adipose tissue in T2D [25] , and is negatively correlated with insulin sensitivity [26] . Hyperinsulinemia in insulin resistance is also associated with decreased expression of regular insulin receptors, allowing increased hybrid receptor expression [27] . Based on this, it is plausible that increased insulin sensitivity during pioglitazone treatment was associated with reduced expression of these hybrid receptors to more normal levels, as insulin's ability to activate its own receptor increased. Hence, improved insulin sensitivity and reduced expression of hybrid receptors in the liver may have contributed to the increase in IGFBP-1.
The increase in IGFBP-1 was significant when both genders were pooled but not when they were analyzed separately, probably due to small sample size. As noted previously, IGFBP-1 is a marker of hepatic insulin sensitivity [9] , so the increase in IGFBP-1 most likely reflects that this improved. Pioglitazone is known to reduce hepatosteatosis, which would also contribute to this improvement [14] .
Compared to a population of healthy controls, adiponectin increased from subnormal to normal levels in both genders after treatment [28] . This reflects the strong correlation between adiponectin and insulin sensitivity [24] . However, DIGFBP-1 correlated with Dadiponectin only in women. Gender differences in this correlation have previously been reported in healthy controls by our group [28] . Adiponectin is a marker of adipocyte differentiation [29] , which pioglitazone is known to increase [30] , and is negatively correlated with WHR in both men and women [31] . Greater improvement in adipose tissue metabolism after treatment could explain the stronger correlation between changes in IGFBP-1 and adiponectin in women.
Hypercortisolism is known to induce insulin resistance by a number of mechanisms, leading to increased gluconeogenesis, decreased glucose uptake, and increased lipolysis [12] . Given this fact, the observed improvement of glycemic control in women, in the face of increased cortisol levels, may seem paradoxical. However, before pioglitazone treatment, cortisol levels were lower in women. Gender differences were shown in one previous study, where healthy women had lower endogenous cortisol levels than men even after correction for body surface area [32] . After treatment in our study, the men's levels remained unchanged, while the women's rose to become equal to those in the male group, but within the bounds of normal levels. The female patients showed improved HbA 1c despite the rise in cortisol, without any correlation between the two. Likewise, hypercortisolemia is linked with dyslipidemia [33] , whereas TG levels improved significantly in this study among women, but not among men. This suggests that the improved metabolic parameters seen in female patients are due to factors other than cortisol after pioglitazone treatment, for example, FGF-21 which is known to regulate PPARc activity and the antidiabetic actions of TZDs [34] .
This study does not provide an explanation for the increase in basal cortisol among females. Basal cortisol is determined by the activity of the HPA axis, peripheral synthesis from inactive cortisol via the enzyme 11b-hydroxysteroid dehydrogenase type 1, peripheral metabolism, and excretion. Studies on rats [15] and patients with Cushing's disease [35] suggest that TZDs reduce the activity of the HPA axis. Like FFAs, corticotropin-releasing hormone (CRH) has an inhibiting effect on GH [36] . CRH effects were reduced after treatment with rosiglitazone, another TZD, in one animal study [15] . Reduced CRH would increase GH and IGF-I, as seen in both genders in this study. Another possibility is that changes in the GH-IGF-I axis influence HPA axis activity in men, preventing the increase in cortisol that occurred in women. Such an effect has been seen for growth hormone-releasing hormone, which inhibits the HPA axis in men selectively [37] . IGF-I is unlikely to mediate such an effect directly, as IGF-I administration has not shown any effect on the ACTH or cortisol response to CRH [38] . However, the exact cause of the increase is beyond the scope of this study.
As with adiponectin, DIGFBP-1 correlated with Dcortisol in women alone. Cortisol stimulates IGFBP1 gene transcription [39] and cortisol infusion has been shown to increase IGFBP-1 secretion [40] . However, as an increase in cortisol only occurred in women, this is unlikely to explain the increase in IGFBP-1 which was not gender specific.
In postmenopausal women, treatment with rosiglitazone decreases bone density and increases the risk of fractures [41] . This effect has not been observed in men. Exogenous glucocorticoid treatment is associated with bone loss and increased fracture risk [42] , just as in women on TZD treatment. It is possible that the increase in cortisol, seen in women in this study, contributes to the increased fracture risk. Glucocorticoids inhibit transcriptional activation of osteocalcin [12] , which has been suggested both to be a candidate factor underlying glucocorticoid-induced osteoporosis [43] and to contribute to the metabolic derangements in glucocorticoid treatment [12] . Hence, measurement of osteocalcin may be of interest in future studies on the cause of increased fracture risk with TZD treatment.
In summary, to date, little is known about gender differences in the pathophysiology of T2D. The results of this hypothesis-generating study indicate that differences exist in hormones that contribute to glucose metabolism in T2D patients, and that they differ in their response to pioglitazone treatment. The strongest effect was seen on the GH-IGF-I axis, where no gender difference was noted, and in the fasting serum cortisol level and triglycerides, where the gender differences were clear. This suggests that the GH-IGF-I axis is important to the effect of pioglitazone. More research is needed to determine the cause of the observed gender differences in the HPA axis, and the role of the greater improvement in adipose tissue metabolism in women.
